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Pigment organizationThe light-harvesting–reaction center (LHRC) complex from the chlorosome-lacking ﬁlamentous anoxygenic
phototroph (FAP), Roseiﬂexus castenholzii (R. castenholzii) was puriﬁed and characterized for overall pigment
organization. The LHRC is a single complex that is comprised of light harvesting (LH) and reaction center
(RC) polypeptides as well as an attached c-type cytochrome. The dominant carotenoid found in the LHRC is
keto-γ-carotene, which transfers excitation to the long wavelength antenna band with 35% efﬁciency. Linear
dichroism and ﬂuorescence polarization measurements indicate that the long wavelength antenna pigments
absorbing around 880 nm are perpendicular to the membrane plane, with the corresponding Qy transition
dipoles in the plane of the membrane. The antenna pigments absorbing around 800 nm, as well as the bound
carotenoid, are oriented at a large angle with respect to the membrane. The antenna pigments
spectroscopically resemble the well-studied LH2 complex from purple bacteria, however the close
association with the RC makes the light harvesting component of this complex functionally more like LH1.Published by Elsevier B.V.1. Introduction
Photosynthetic organisms have evolved to capture sunlight
utilizing a variety of light harvesting architectures and pigment
compositions that are highly diverse and have evolved to adapt to very
different light intensity and light quality environments. Signiﬁcant
progress has been made in elucidating the structure–function
relationships of the LH, RC and photosynthetic electron transport
complexes among the various classes of phototrophs [1]. However,
among the anoxygenic phototrophs, the purple bacteria are by far the
best understood and other groups are less well characterized [2–4].
The phylum Chloroﬂexi contains ﬁlamentous anoxygenic photo-
trophs (FAPs) which are typiﬁed by Chloroﬂexus (Cf.) aurantiacus and
harvest light primarily using bacteriochlorophyll (BChl) c located in
the chlorosome [5]. The photosynthetic apparatus of most recently
isolated species has not yet been characterized [6–8]. Among these,
the newly described Roseiﬂexus castenholzii is one of just a few known
FAPs that lack chlorosomes [9,10]. Recently, a crude RC preparation
from R. castenholzii was described which has similar absorption
characteristics to the RC of Cf. aurantiacus and protein sequence
homology both to Cf. aurantiacus and to purple bacteria [11]. This
same report determined that the puf gene arrangement was in the
order of pufB, -A, -L, -M, and -C. This is more analogous to the
arrangement of the puf operon in purple bacteria rather than that in, Department of Chemistry,
. Tel.: +1 314 935 7971; fax
nship).
B.V.Cf. aurantiacus, which have the same genes located on two distinct
operons, puf1 and puf2 [12]. The genome sequences of several FAPs,
including both Cf. aurantiacus and R. castenholzii have recently been
determined [13].
Cf. aurantiacus contains, in addition to the peripheral chloro-
some, a membrane-bound light-harvesting complex (B808–866)
that is in close association with the RC. The B808–866 complex,
named according to its Qy absorption maxima, is thought to contain
3 BChl a per two antenna polypeptides, which are similar to the α-
and β-subunits of LH1 and LH2 from purple bacteria [14,15]. The
absorbance of the antenna resembles LH2, however, the close
association with the RC suggests that its function is related to LH1
[16,17]. The Qy transitions of the 866 nm pigments were determined
to be approximately in the plane of the membrane while the
808 nm transitions are oriented at ∼45° to the membrane plane
[16,18]. R. castenholzii lacks chlorosomes but also contains a
membrane-bound antenna that is generally similar to that found
in Cf. aurantiacus, however its absorbance maxima are at about 800
and 880 nm [9,11].
Chloroﬂexi are the earliest branching phylum of bacteria that
contains phototrophs, so they may have a central importance in
understanding the origin and evolution of photosynthesis [19].
However, with the exception of Cf. aurantiacus, relatively little has
been done to characterize this very diverse group of bacteria. The
following objectives for the present analysis are: (a) to purify the
LHRC complex from R. castenholzii and (b) provide initial character-
ization the LHRC complex in terms of pigment composition and
organization. Our results demonstrate an overall similarity between
the antenna pigments in R. castenholzii and Cf. aurantiacus, but with
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provides a unique opportunity to study the antenna-RC complex of an
FAP without the complication of the chlorosome.
2. Materials and methods
2.1. Puriﬁcation of the LHRC from R. castenholzii
R. castenholzii strain HLO8T was a kind gift from Dr. Yusuke
Tsukatani and cells were grown photoheterotrophically according to
Hanada et al. [9]. Puriﬁcation of the LHRC was performed as follows:
whole membranes (OD=50 cm−1 measured at 880 nm) were
solubilized with 2% n-dodecyl-β-D-maltopyranoside (DDM) by
incubation for 30 min in the dark at 4 °C and then ultracentrifuged
at 200,000 g for 2 h. Solubilized membranes were subjected to ion-
exchange chromatography (IEC) on a column packed with QSFF
resin (GE Healthcare, Uppsala, Sweden) followed by gel ﬁltration
(Sephacryl S-400 HR resin, GE Healthcare, Waukesha, WI) and a
second round of IEC (QSHP resin, GE Healthcare, Uppsala, Sweden).
All columns were equilibrated with 0.02% DDM in 20 mM Tris–HCl,
pH=8.0 and eluted with NaCl in the same detergent solution. The
puriﬁed LHRC used for these analyses were concentrated and the
280/880 nm ratio was measured to be ≤0.66. Sucrose gradients
containing between 5–25% sucrose in 0.02% DDM and 20 mM Tris–
HCl, pH=8.0, were prepared and 1 mL of the LHRC was loaded and
ultracentrifuged for 15 h at 150,000 g. SDS and native PAGE were
performed according to the methods of Schägger and von Jagow
[20,21].
2.2. Pigment extraction and identiﬁcation
Pigments were extracted by diluting the LHRC 10-fold (v/v) in 7:2
acetone: methanol, followed by centrifugation. The supernatant liquid
was taken and the pellet was resuspended in fresh solvent and
subjected to a second round of centrifugation. The above procedure
was repeated until the pellet was colorless. The resulting supernatant
liquid was dried and resuspended in methanol for pigment composi-
tion analysis and for HPLC analysis. Pigment ratios were determined
using the molar extinction coefﬁcients ɛ462=167 mM−1 cm−1 [22]
and ɛ772=60 mM−1 cm−1 [23] for γ-carotene and BChl a,
respectively. Reverse-phase HPLC was performed with an Agilent
1100 system using a Zorbax Eclipse XDB-C18 columnwith an isocratic
ﬂow rate of 1 ml/minwith 100%methanol. The identities of the eluted
carotenoids were determined usingMALDI-TOFmass spectrometry on
a 4700 Proteomics Analyzer (Applied Biosystems Inc, Foster City, CA,
USA) and masses were compared to published values [24].Fig. 1. Estimate of the size and composition of the LHRC. (A) Sucrose density gradient (5–25%
the LHRC from R. castenholzii (right lane) and the molecular marker (left lane). Cyt c, M, L,2.3. Steady-state spectroscopy
Absorption spectra were recorded using a Perkin Elmer Lambda
950 spectrophotometer (Waltham, Massachusetts, USA). Light-
minus-dark difference absorbance spectra were generated using the
following protocol: equal concentrations of sample were placed in
two equivalent cuvettes in the sample and reference chamber
respectively, and a baseline was recorded. Then light from a projector
lamp was ﬁltered through a 700 nm short pass ﬁlter and piped
through a ﬁber optic cable, illuminating the bottom of the sample
cuvette.
Fluorescence and ﬂuorescence excitation spectra were recorded
using a Photon Technology International ﬂuorometer (Birmingham,
NJ, USA), equipped with a red-sensitive avalanche photodiode
detector (Advanced Photonics Inc., Camarillo, CA). Excitation spectra
were corrected by measuring the output of the source with a
calibrated reference diode and dividing the raw ﬂuorescence data by
these values. For ﬂuorescence polarization measurements, linearly
polarized light was generated using polarizers (Meadowlark Optics,
Inc. Frederick, CO, USA) and the emission monochromator was
removed and replaced by an interference ﬁlter. Fluorescence polariza-
tion is deﬁned as:
P =
III − I8
III + I8
: ð1Þ
Calibration of the polarizers was performed as previously described
[25] and also checked by measuring a dilute solution of BChl a and
comparing the resulting polarization to published values [26].
Circular dichroism (CD) spectra were recorded on a Jasco J-815
spectropolarimeter (JASCO Inc. Easton, MD, USA) using two different
photomultiplier detectors: one sensitive to visible light (model R376,
Hamamatsu Photonics, Hamamatsu, Japan), and the other to NIR
radiation (model R316, Hamamatsu Photonics, Hamamatsu, Japan).
Samples were measured in quartz cuvettes.
Low temperature linear dichroism (LD) spectra were measured by
suspending membranes in a 10% acrylamide gel according to Dolan et
al. [27] with 66% glycerol added to the ﬁnal mixture to ensure a clear
glass upon cooling. The gel, which was cylindrical in shape, was
compressed in a 1 cm×1 cm cuvette to 60% of its original height and in
doing so, expanded along its stretching axes to ﬁll the cuvette. The
sample was then cooled in a cryostat. LD is deﬁned as
LD = AII − A8 ð2Þ
where AII and A8 refer to absorbance due to linear polarized light that
is parallel or perpendicular to the stretching axis, respectively [28].) showing a single pigmented band at 12% sucrose. (B) Native PAGE and (C) SDS-PAGE of
β and α represent cytochrome c, M-, L-, β- and α- polypeptides, respectively.
Table 1
Wavelengths of absorbance maxima (in nm).
RT 77 °K Light-minus-dark
882 (42) 890 (28) 860 (−)
802 (27) 806 (27) 831 (+)
593 760 821 (−)
483 605 808 (+)
376 593 760 (+)
519 605 (−)
482 554 (−)
457 524 (−)
376 423 (−)
The measured FWHM are in parentheses along with peaks and valleys for the difference
spectra indicated with + and −, respectively.
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identical sample in an uncompressed gel.
Low temperature environments were created using a liquid
nitrogen cryostat (OptistatDN, Oxford Instruments, Bucks, UK). A
ﬁnal concentration of 66% glycerol was added to all samples prior to
cooling.
3. Results
3.1. Sample puriﬁcation and characterization
The puriﬁcation protocol produced a single complex from R.
castenholzii that contains LH and RC peptides as well as an attached c-
type cytochrome. The puriﬁed complex runs as a single band on a
continuous sucrose density gradient, while analysis by native PAGE
shows a predominant band at about 450 kDa (Fig. 1). The value from
Native PAGE is similar to that observed for the LH1-RC monomer from
Rhodobacter sphaeroides [29]. SDS-PAGE analysis shows ﬁve bands
which have been identiﬁed previously [11] and include the LHα and β
polypeptides, RC subunits L and M as well a tetraheme c-type
cytochrome based on the gene sequence. It should be noted that the
RC from R. castenholzii lacks the H-subunit found in the RC of purple
bacteria as is also the case with Cf. aurantiacus. The dominant
carotenoid (N70%) found in the LHRC was determined to be keto-γ-
carotene. The amount varied slightly for various preparations andmay
indicate low speciﬁcity for carotenoid binding. The molar ratio of BChl
a to carotenoid was determined to be 3:2 based on the extinction
coefﬁcients for BChl a and γ-carotene. This ratio is only tentativelyFig. 2. Absorption (A) of the LHRCmeasured at RT (dashed) and the same sample cooled
to 77 °K (solid). Light-minus-dark difference spectra (B) recorded at RT. Wavelengths
above 700 nm in the difference spectrum have been scaled by two for clarity.
Absorbance maxima and minima are in Table 1.assigned because the extinction coefﬁcient for keto-γ-carotene is, to
our knowledge, unknown and therefore the extinction coefﬁcient of
γ-carotene was used for the calculation.
3.2. Absorption and circular dichroism
The absorption spectra of the LHRC at room temperature (RT) and
77 °K are presented in Fig. 2A. At RT, the Qy absorption bands are
centered at 802 and 882 nm (herein these bands are termed B800 and
-880 for convenience), respectively, while only one Qx band was
resolved at 593 nm. At 77 °K, the two Qy bands red-shift to 806 and
890 nm respectively, accompanied by an increase in absorption
intensity for both bands. Additionally, a band is clearly resolved at
760 nm and is ascribed to the RC bacteriopheophytin (BPhe) a. Two
bands in the Qx region are observed at 605 and 593 nm respectively in
the low temperature spectra. The carotenoid region displays peaks at
519, 482 and 457 nm and the shoulder at 410 nm is due to oxidized
cytochrome c. The light-minus-dark difference spectrum reveals a
photoactive RC underneath the dominant antenna absorption bands
(Fig. 2B). The Qy RC region resembles that of the Cf. aurantiacus RC
[30] as well as results published previously for R. castenholzii [11]. In
the puriﬁed LHRC the special pair bleaches at 860 nm, however, in the
isolated complex this value is reported to be 865 nm [11]. The slight
discrepancy in wavelength most probably arises from detergent
effects [31,32]. Minima are observed at 423, 524, and 554, which are
assigned to Soret, beta- and alpha-bands of cytochrome c.
The NIR CD of the LHRC is dominated by the antenna pigments,
while subtle contributions from the RC can also be seen (Fig. 3). TheFig. 3. Circular dichroism of the LHRC from R. castenholzii measured at RT (dotted) and
the same sample cooled to 77 °K (solid). The sample OD was 0.6 cm−1 at 880 nm
measured at RT. Zero-crossing for the B880 Qy band RT and 77 °K are 887 and 895 nm,
respectively.
Fig. 5. Fluorescence excitation (dotted) detected at 925 nm and absorption (1−T)
(solid) spectra on the same sample recorded at 77 °K. Both spectra are normalized to 1.0
at the long wavelength band. Fluorescence polarization (dashed) detected at 925 nm is
presented in the top panel. Bandwidths for absorption and ﬂuorescence measurements
were 1 and 4 nm, respectively.
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spectra into a negative lope centered at 755 nm and a positive lobe at
772 nm. Increasing in wavelength across the Qy transitions of the
antenna pigments, the CD signature is+−+−which resembles the
“type 2” or “molischianum”-like CD from LH2 in purple bacteria [33]
and the puriﬁed LHB 808–866 complex from Cf. aurantiacus [17].
Interestingly, the carotenoid region has a CD signature more similar to
the LH complexes from many purple bacteria [34] than Cf. aurantiacus
[16]. In addition, the B880 long wavelength band has a 5 nm red-shift
in the CD zero-crossing at RT and 77 °K (887 nm and 895 nm
respectively). The red-shift in zero-crossing has been modeled to
represent a delocalization of an exciton over a “ring” of BChlmolecules
in LH2 [35,36].
3.3. Fluorescence emission, excitation and polarization
The vast majority of ﬂuorescence from the LHRC is emitted from
the long wavelength Qy band of B880 at RT and 77 °K (Fig. 4),
independent of the excitation wavelength tested (470, 590, 600, and
800 nm). The emission bands are centered at 898 nm and 911 nm at RT
and 77 °K, respectively. A shoulder is observed on the blue side of RT
emission band and decreases below the experimental noise at 77 °K
(Fig. 4 — inset). The shoulder was ﬁt to a single Gaussian revealing a
peak centered at 817 nm and is attributed to ﬂuorescence from B800.
The ratio of the 817/898 nm emission bands is approximately 1/70 at
RT, indicating efﬁcient energy transfer from B800 to B880. A similar
emission shoulder is observed in membranes of C. aurantiacus devoid
of chlorosomes [16] as well the purple bacterium Rhodobacter
sphaeroides [37].
Energy transfer efﬁciency was revealed by comparing the 77 °K
ﬂuorescence excitation to a calculated absorption (1−T) spectrum
(Fig. 5). Nearly 100% energy transfer efﬁciency is observed from B800
pigments to the long wavelength band, while energy transfer from
the carotenoid region is about 35% efﬁcient. The lack of energy
transfer from the peak at 760 nm and the 410 nm shoulder supports
the assignments of these bands to the RC BPhe a and cytochrome c,
respectively. The negative polarization value at 590 nm clearly
identiﬁes this band as the Qx transition of the B880 pigments (Fig. 5).
The polarization of the B800 band is also negative indicating that the
transition dipole moment of these pigments forms a large angle with
respect to B880. The polarization of the B880 pigments is positive
(0.09) and increases slightly over the absorbance band, indicating
the possibility of rapid exchange of excitation over these pigments.Fig. 4. Fluorescence emission from R. castenholzii LHRC complex recorded at RT
(dashed) or 77 °K (solid). Excitation wavelength was 470 nm. Data are normalized at
the emission maximum. Inset— 15 fold expansion of the RT emission (triangles) with a
Gaussian ﬁt (solid line) to the spectra revealing a weak emission band centered at
817 nm.The fact that the polarization for the long wavelength band is not as
large as those measured for membranes of Cf. aurantiacus [16] or LH2
[37] and LH1 [38] from purple bacteria may indicate isotropic
distribution of these pigments, or losses in polarization due to
instrumental limitations.
3.4. Linear dichroism
The LD along with the reduced LD (LD/3A) of membranes from R.
castenholzii, recorded at 77 °K has many prominent features (Fig. 6).
Considering the antenna bands, the overall shape of the LD is
strikingly similar to that of Phaeospirillum (Ph.) (formerly Rhodospir-
illum) molischianum with the exception of the B800 Qy transitions
[39]. We chose to use membranes as opposed to the puriﬁed LHRC
complexes for these measurements because membranes in Cf.
aurantiacus form disc-like fragments in suspension [40] and should
become optically anisotropic upon compression whereas the isolated
complex is of unknown geometry. The Qy transition moments
comprising B880 have a very large and positive LD. Comparison toFig. 6. Linear dichroism spectrum of membranes at 77 °K from R. castenholzii (solid) and
the reduced LD (LD/3A) (dotted), which is only shown in regions of appreciable
absorption. The membranes were embedded in a 10% acrylamide gel that was
compressed to 60% of the original gel height. The optical density of the uncompressed
gel was 0.75 cm−1 for B880.
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transition moments are oriented essentially in the plane of the
membrane. In addition, the reduced LD is essentially constant over the
entire absorbance band suggesting that all these transitions have the
same orientation with respect to the symmetry axis. The LD of the Qx
transition of B880 (which was identiﬁed by ﬂuorescence polarization)
at 590 nm is clearly negative, making these transitions more or less
perpendicular to the membrane. The combination of the Qy and Qx
dipoles makes the B880 pigments perpendicular to the membrane
plane, as is the case for the B850 pigments in LH2 [41–43]. The B800
and carotenoid transitions appear to form a large angle with respect to
the membrane plane as has been demonstrated in membranes of Cf.
aurantiacus [16].
4. Discussion
The light harvesting α- and β-apoproteins from R. castenholzii and
Cf. aurantiacus have conserved residues important for BChl-binding
when compared with the analogous peptides from both LH1 and LH2
(Fig 7.). The dimer of BChl in LH1 and LH2 is coordinated by a His in both
the α- and β-apoproteins. In LH1 as well as LH2 of Ph. molischianum,
αW+11 and βW+6 make H-bonds to the C3-acetyl group of ring A of
BChl a [44]. All of these residues are conserved in both R. castenholzii
and Cf. aurantiacus, which might explain the observed spectroscopic
similarities of the B880 and B866 pigments of R. castenholzii and Cf.
aurantiacus to the B850 andB870 pigments of LH1 and LH2, respectively.
The obvious differences between the B800 pigment orientation in
R. castenholzii and LH2 probably indicate a different mode of BChl
binding. The 2.0 Å structure of LH2 from Rhodoblastus (Rdb.) acido-
philus shows that the Mg+2 of the B800 is coordinated at the N-
terminus by a modiﬁed methionine on the α-chain as well as
hydrogen bonds with αN−29, αQ−28, and βH−18. The C3-acetyl
carbonyl of ring A in B800 forms an H-bond with βR−10 [41]. LH2
from Ph. molischianum is known to bind the B800 BChl a in a
different manner than that of Rdb. acidophilus. The Mg+2 of B800 is
coordinated via αD−28 with hydrogen bonds from a water moleculeFig. 7. Sequence alignments of the α- and β-apoproteins of the LH complex from R. castenhol
sequences from purple bacteria are from peptides while those of R. castenholzii and Cf. auran
that coordinates the central Mg2+ of BChl a in LH1 and LH2 and are highlighted in black. Res
among Roseiﬂexus and LH1 or Roseiﬂexus and LH2 are indicated by plus signs and tilde
Rhodoblastus (Rdb.) acidophilus and Rhodopseudomonas (Rps.) palustris (LH2) [50], Phaeospiand βH−18, resulting in the Qy transitions being oriented 20° out of
the plane of the membrane and rotated 90° with respect to B800 in
Rdb. acidophilus [43]. R. castenholzii shares the conserved βH−18;
however, this residue is also maintained in LH1, which does not bind
an additional pigment similar to B800. There is no evidence at this
time that the α-chain necessarily binds the B800 pigment in R.
castenholzii and the distance between the N-terminus and the
conserved αH0 is shorter than the α-chain in LH2. Interestingly,
the β-chain in R. castenholzii is longer than the β-chain in LH2 and
has several residues that could serve as potential coordinators to
Mg+2 of B800. Further work is required to resolve the coordination of
B800 in R. castenholzii.
The puriﬁcation of the LHRC from R. castenholzii allows the unique
opportunity to study a compact and complete photosystem from a
member of the FAPs without the complication of the chlorosome. The
light-harvesting antenna spectroscopically resembles LH2; however,
its close associationwith the RC demonstrates that its function is more
similar to LH1. The co-puriﬁcation of an attached tetraheme
cytochrome in the LHRC is unique among FAPs [45,46]. The
predominant carotenoid found in the LHRC is keto-γ-carotene and it
transfers excitation to the long wavelength band with 35% efﬁciency.
The amount of carotenoid bound in the LHRC per BChl a is twice that
of what is found in the LH2 complex from Rhodopseudomonas
acidophila (1:3 rhodopin-glucoside to BChl) [47]. Although many of
the initial measurements on the carotenoid to BChl a stoiciometry in
purple bacteria were overestimates [48,49], we obtained the same
ratio as was determined for the puriﬁed B808–866 complex from Cf.
aurantiacus. Chloroﬂexus- and Roseiﬂexus-like organisms are often
found in mat communities in symbiosis with cyanobacteria where
they are exposed to hyperoxic conditions due to oxygen trapped in the
mat [9] and the additional carotenoids may serve a photo-protective
role against high levels of oxygen.
The red-shift in the CD zero-crossing for the B880 band, at RT and
77 °K, may indicate that the LHRC complex is organized in a ring-like
structure. This conclusion is based on a LH2 modeling study by
Koolhaas et al., where the observed red-shift in the zero-crossing inzii and Cf. aurantiacus and the LH1 and LH2 complexes from various purple bacteria. The
tiacus are deduced from gene sequences. Each set of apoproteins are aligned to the His
idues conserved among all LH sequences are indicated by asterisks and those conserved
, respectively. Sources: Rhodobacter (Rb.) sphaeroides, Rhodospirillum (Rsp.) rubrum,
rillum (Ph.) molischianum [49] and Rb. capsulatus [51].
1055A.M. Collins et al. / Biochimica et Biophysica Acta 1787 (2009) 1050–1056B850 from LH2 could only be reconstructed by modeling an energy
mismatch between α and β-bound BChl a in the B850 pigments as
well as exciton delocalization over more than half of the ring structure
[35]. Further structural studies will be necessary to determine the
geometry of the LHRC from R. castenholzii.
In this work we describe the LHRC from R. castenholzii which has
similar spectroscopic properties to membranes of Cf. aurantiacus
devoid of chlorosomes. The B880 pigments are proposed to lie
perpendicular to the membrane plane with the Qy transitions more or
less parallel in the membrane. Both ﬂuorescence polarization and LD
measurements demonstrate that the B800 pigments form at a large
angle in the membrane as does the carotenoid.
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